Correct interpretation of scaphoid axial length and carpal malalignment is difficult owing to the complex geometry of the scaphoid. Traditional measurements, such as the scapholunate angle and radiolunate angle, have shown limited reproducibility. To improve the assessment of these measurements, we used multiplanar reformation computed tomography with added average intensity projection. Four measurements for scaphoid morphology and carpal alignment were independently measured by four observers on computed tomography scans of 39 consecutive patients who were treated conservatively for scaphoid fracture. Fleiss's kappa for categorical results showed substantial agreement for the measurements of the scapholunate and radiolunate angles. Intraclass correlation coefficients were significant for measurements of the axial length, scapholunate angle and radiolunate angle. Our results suggest that multiplanar reformation computed tomography with added average intensity projection is a reliable technique for assessment of scaphoid morphology and carpal alignment.
Introduction
In the malunited scaphoid, loss of height, increased flexion and potential dorsal intercalated segment instability will result in alteration of wrist biomechanics with an acceleration of radiocarpal arthritis and impairment of function (Dias and Singh, 2011; Gillette et al., 2017; Lindstrom and Nystrom, 1990; Nakamura et al., 1991) . To investigate the clinical importance of scaphoid malunion, accurate and reproducible assessment of scaphoid deformity and carpal malalignment is essential (Roh et al., 2014) . However, owing to the complex geometry and orientation of the scaphoid, assessment of the fracture line, comminution, displacement and degree of union is difficult (Dias, 2001) . For conventional radiographic examination, standardized methods have been established to assess scaphoid deformity and carpal malalignment in scaphoid fractures (Larsen et al., 1991; Linscheid et al., 1972) . According to Linscheid et al. (1972) , deformation due to dorsal intercalated segment instability can be assessed by determining the scapholunate and radiolunate angles. An increased scapholunate gap can be a sign of associated scapholunate ligament lesions and carpal instability that can lead to carpal malalignment (Megerle et al., 2011) . In addition, scaphoid shortening with decreased axial length because of fracture malunion may also result in carpal malalignment (Nakamura et al., 1991; Watanabe, 2011) . However, previous studies have shown that the radiographic parameters used in conventional radiography may not always reflect the actual amount of scaphoid deformity (Nakamura et al., 1991; Oka et al., 2005; Roh et al., 2014) .
Computed tomography (CT) can be used to get a more accurate reflection of the true deformity in cases of scaphoid malunion. Although numerous studies have shown multiplanar reformation computed tomography (MPRCT) to be of great value in depicting the complex geometry of the scaphoid for the assessment of fracture displacement and nonunion, assessment of scaphoid malunion has been shown to be difficult. Previously, MPRCT parameters such as the lateral intrascaphoid angle and the height to length ratio have shown limited reproducibility (Dias and Singh, 2011; Grewal et al., 2013; Ring et al., 2005; Sanders, 1988) .
To the best of our knowledge, there have been no studies to determine the reliability of assessment of malunion in nonoperatively treated scaphoid waist fractures using the previously mentioned radiological parameters on MPRCT. In addition to the multiplanar reconstruction, an average intensity projection (AIP) rendering algorithm can be used to improve the assessment of carpal parameters. In AIP, a chosen number of consecutive CT slices are stacked in a slab. The average density along a line perpendicular to the slab is calculated. The resulting image has the appearance of a conventional radiology image displayed in the optimum plane for measurements with filtering of the non-relevant over-projecting carpal bones.
The goal of this study was to investigate whether MPRCT with AIP is a reliable method for determination of selected carpal measurements and whether it could be used to determine the degree of scaphoid malunion and carpal malalignment in scaphoid waist fractures.
Methods
Thirty-nine consecutive patients with an acute, unilateral scaphoid waist fracture were included in this study. The patient demographics are shown in Table 1 . All scaphoid fractures were diagnosed using physical examination and radiographic imaging. All fractures were further evaluated on CT scans and classified according to a CT-based modified Herbert classification (Karle et al., 2005) . Inclusion criteria were type A2, B1 and B2 scaphoid (waist) fractures. Exclusion criteria were type A1, B3, B4 and B5 scaphoid fractures (tubercle fractures, proximal pole fractures, fracture-dislocations of the carpus or comminuted fractures) and additional fractures of the wrist, carpal or metacarpal bones. All fractures were treated conservatively in a below-elbow cast for 6 weeks.
Approval was obtained from the medical ethical committee of the participating centre and written informed consent was obtained from all patients. This study was conducted in accordance to the declaration of Helsinki.
Twenty-four weeks after injury, a routine CT-scan of the affected carpus was made to assess healing of the fractured scaphoid. Union of all fractures was confirmed on MPRCT, using the criteria previously described by Singh et al. (2005) . The carpal parameters used in this study were measured on these CT scans 24 weeks after injury.
Two orthopaedic trauma surgeons (PH and JS) and two musculoskeletal radiologists (DL and RW), with a mean experience of 10 years in reviewing CT-scans, assessed the radiographic measurements independently and blinded. We used cut-off values derived from studies using the carpal measurements on conventional radiology Larsen et al., 1991; Linscheid et al., 1972; Moneim, 1981; Tan et al., 2014) (Table 2 ). The cut-off values are described in a dichotomous manner to differentiate between normal union and malunion. For example, a scapholunate angle between 30 -60 was considered normal and a scapholunate angle smaller than 30 or greater than 60 was considered abnormal. Each investigator reviewed 39 randomized sets of computed tomographic views, labelled 1 to 39. Investigators were able to view all images and multiplanar reconstructions on high definition medical diagnostic displays. The CT-scans were obtained with three comparable scanners with a spatial resolution of 24 to 30 line pairs per centimetre (Brilliance 64, Philips Healthcare, Eindhoven, The Netherlands; Definition Flash, Siemens, Erlangen, Germany; Sensation 16, Siemens, Forchheim, Germany). For the scanning protocol, we used the technique described by Sanders (1988) , in which the patient is positioned prone on the table with the arm overhead crossing the gantry of the CT unit at a 45 angle. A CT examination consisted of the 0.75 mm reconstructed images in the axial, coronal and sagittal planes.
For measurement of the scapholunate angle, radiolunate angle and the scapholunate gap, we used an AIP rendering tool. A set of 25 mm coronal and sagittal reconstructions with an AIP rendering algorithm was selected for the measurements. The scapholunate and radiolunate angles were measured on the sagittal AIP. The scapholunate gap was measured on the coronal AIP. An in-plane slab of 0.7 mm was selected for the measurements of the axial length.
To calculate the scapholunate angle (SLA), the axis of the scaphoid was traced along the most anterior cortical borders of the proximal and distal poles of the scaphoid and the axis of the lunate through the anterior and dorsal rims on the sagittal projection. By crossing the axis, the angle a was measured ( Figure 1 ). The scapholunate angle was then calculated using SLA ¼ 90-. The radiolunate angle was measured on the sagittal projection where the axis of the distal articular surface of the radius was traced along the anterior and dorsal rims of the radius and the axis of the lunate as previously described through the anterior and dorsal rims ( Figure 2 ). The scaphoid axial length was determined on the reconstruction plane in which the scaphoid had a maximal axial length, measuring the maximum distance between the articular surface of the proximal and distal poles, as described by Watanabe (2011) (Figure 3) . In his study, patients who underwent an operative correction of the scaphoid showed a peroperative axial length smaller than 26 mm. We considered the axial length of the scaphoid normal if equal to or greater than 26 mm in order to define a cut-off for measuring the inter-class correlation. Forty per cent of patients had an axial length less than 26 mm. The scapholunate gap was measured on the coronal projection in the mid-portion of the scaphoid and lunate, based on the technique described by Moneim (1981) . The projection was rotated around the axis of the radius until the maximal distance between the scaphoid and lunate was found (Figure 4 ).
Statistical methods
Data were analysed and expressed in terms of interobserver agreement and intraclass correlation coefficients (ICCs) for all four measurements separately. The ratings of each measurement were assigned to categories, lying within or outside the cut-off values for malunion (Table 2) .
Using Fleiss's kappa (k) statistics with 95% confidence intervals the levels of agreement between a fixed number of observers (interobserver agreement) for the diagnosis of malunion were calculated (Fleiss, 1971) . The multirater kappa statistics are interpreted as follows; values <0.01 indicate poor agreement, 0.01-0.20 slight agreement, 0.21-0.40 fair agreement, 0.41-0.60 moderate agreement, 0.61-0.80 substantial agreement and more than 0.80 almost perfect agreement (Landis and Koch, 1977) .
Additionally, the ICCs with 95% confidence intervals were calculated to measure the interrater internal consistency. The ICCs were determined using a two-way random effects model and absolute agreement. Outcomes were classified as excellent (0.9), substantial (0.9-0.8), acceptable (0.7-0.8), questionable (0.6-0.7), poor (0.5-0.6) and unacceptable (<0.5) internal consistency (Yen and Lo, 2002) .
The demographics and radiographic measurement results are presented using descriptive statistics. Normal distribution of data was tested visually based on histograms and normality plots and statistically by the Kolmogorov-Smirnov and Shapiro-Wilk normality tests. The data were normally distributed. Differences between all combinations of pairs of radiographic parameters were determined using a paired t-test analysis. A level of significance of a ¼ 0.05 was used.
Results
The interobserver agreement analysis is shown in Table 3 . Fleiss's kappa values for categorical results (malunion >or< cut-off value) varied from substantial agreement for the radiolunate angle and scapholunate angle, to moderate agreement for the scapholunate gap and axial length ( Table 3) .
The ICC statistics are shown in Table 4 . There was an excellent internal consistency for measurements of the axial length, scapholunate angle and radiolunate angle and a substantial internal consistency for scapholunate gap.
Discussion
Our results show that multiplanar reformation CT with average intensity projection might be a reproducible technique for assessment of scaphoid morphology and carpal alignment. It showed substantial to excellent interrater consistency for assessment of scapholunate and radiolunate angles in conservatively treated scaphoid waist fractures. Axial length and scapholunate gap measurements are less eligible as parameters for assessment of carpal malalignment as their interobserver agreement is too low for use in daily practice.
Many carpal alignment indices for assessing deformities after healing of scaphoid waist fractures have been studied (Jiranek et al., 1992; Megerle et al., 2012; Roh et al., 2014; Watanabe, 2011) . Larsen et al. (1991) first measured carpal angles on standardized lateral radiographs of 75 uninjured wrists to establish their normal values. However, no consensus on cut-off values for abnormal carpal bone angles has been reached. When measuring carpal alignment on conventional radiology, Roh et al. (2014) found that among the radiographic carpal alignment indices, the radiolunate and the scapholunate angles were the most reliable and valid. However, the correlation of carpal indices with functional scores seems low and only deviations of the radiolunate angle have been shown to have a moderate correlation with impaired functional scores Megerle et al., 2012; Roh et al., 2014) . One possible explanation for this moderate correlation is that conventional radiographs are inadequate to depict the complex geometry of the scaphoid and the proximal carpal row and therefore inaccurately display the amount of malunion. Also, over projection of the different carpal bones on conventional radiology can make it more difficult to define the contours of the relevant carpal bones, which may lead to inconsistent measurements with poor clinical correlation. Some authors have therefore investigated different imaging methods for diagnosing scaphoid malunion and carpal malalignment.
Although measured in a small population, Tan et al. (2014) showed a consistent measurement of the scapholunate and the radiolunate angle when measured on CT. Furthermore, the height to length ratio, dorsal cortical angle and lateral intrascaphoid angle have been measured on CT (Bain et al., 1998; Megerle et al., 2012; Ring et al., 2005) . Some authors consider the height to length ratio the most reliable parameter to evaluate scaphoid malunion (Bain et al., 1998; Ring et al., 2005) . Others report inaccurate and invariable results for height to length ratios as well as for the lateral intrascaphoid and dorsal cortical angle on CT and magnetic resonance imaging (Bhat et al., 2004; Forward et al., 2009) . In addition to the inferior reliability and reproducibility of these measurements there is limited evidence of correlation between these radiographic parameters and clinical outcomes (Forward et al., 2009; Jiranek et al., 1992; Lee et al., 2015) .
Using MPRCT with the addition of AIP attempts to avoid the weaknesses of conventional radiology with preservation of its strength. In CT the optimum plane of imaging can be selected, which is not necessarily the same as in conventional radiology. In conventional radiology the acquired image is the result of individual anatomy, position of the wrist and the rotation of the wrist in relation to the central beam, among other factors. In MPRCT some of these variables can be corrected for, as CT is not based on projection. However, the projection of conventional radiology gives a more stable depiction of the contours of bone on which measurements are based. This goes especially for structures with complex geometry, such as the carpal bones. In cross-sectional imaging, the contours change from slice to slice and which As well as the possibility of imaging in the optimum plane, another advantage of MPRCT with AIP is the ability to filter non-relevant carpal bones from the imaging. This may lead to better visualization of the relevant structures for measuring scaphoid malunion or carpal malalignment. We found only a moderate agreement for the axial length and scapholunate gap. Although all observers had extensive training in performing the measurements in a standardized protocol, it is possible that each observer used a slightly different measurement point in the projection. As the axial length and scapholunate gap have to be expressed with an accuracy of 1 mm and 0.5 mm, respectively, even the slightest misplacement of the reference points can lead to different outcomes.
A number of limitations must be considered when interpreting the results. Only patients with a scaphoid waist fracture suitable for conservative treatment were included. Obviously, the degree of scaphoid deformity and carpal malalignment in these types of fractures is limited, affecting the interrater results. Given that normal values and carpal angles used for assessing scaphoid malunion differ substantially in previous reports, there is no general agreement concerning cut-off values to classify the severity of malunion and it remains unclear what cutoff values should be used as an indication for surgical correction of scaphoid malunion. Next to the arbitrary cut-off values for measurements of scaphoid malunion and carpal malalignment, most parameters do not correlate with clinical outcomes and the longterm consequences of scaphoid malunion and carpal malalignment are unclear Lee et al., 2015; Roh et al., 2014) .
In conclusion, AIP derived from MPRCT seems to be a reproducible technique for measuring radiolunate and scapholunate angles in conservatively treated scaphoid waist fractures. Since the correlation of these carpal alignment indices with functional outcomes remains unclear, it is essential that reliable and reproducible measuring techniques for carpal malalignment are applied in future studies. We believe that AIP derived from MPRCT may be such a technique. In addition, there is a need to define acceptable ranges of scaphoid malunion and carpal malalignment that have little chance of progression to carpal instability and osteoarthritis.
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